Abstract In this work, reactive iron nanoparticles dispersed in a carbon matrix were produced by the controlled thermal decomposition of Fe 3+ ions in sucrose. During the sucrose decomposition, the Fe 3+ ions are reduced to form iron nanometric cores dispersed in a porous carbonaceous matrix. The materials were prepared with iron contents of 1, 4, and 8 wt.% and heated at 400, 600, and 800°C. Analyses by X-ray diffraction, Mössbauer spectroscopy, magnetization measurements, Raman spectroscopy, termogravimetric analyses, BET surface area, scanning, and transmission electron microscopy showed that at 400°C, the materials are composed essentially of Fe 3 O 4 particles, while treatments at higher temperatures, i.e., 600 and 800°C, produced phases such as Fe 0 and Fe 3 C. The composites were tested for the oxidation of methylene blue with H 2 O 2 by a Fenton-type reaction and also H 2 O 2 decomposition, showing better performance for the material containing 8 % of iron heated at 400 and 600°C. These results are discussed in terms of Fe 2+ surface species in the Fe 3 O 4 nanoparticles active for the Fenton reaction.
Introduction
Iron-based materials have been intensively investigated for environmental decontamination processes using advanced oxidative processes (AOPs) in aqueous media. Some of these examples are iron nanoparticles (Kuang et al. 2013; Machado et al. 2013 ), graphene-oxide-doped nickel ferrites (Liu et al. 2013) , activated carbon impregnated with ferrous sulfate (Mesquita et al. 2012) , systems based on natural iron oxides (Pereira et al. 2007) , and minerals (Xu et al. 2009; Xu et al. 2013) .
A particularly promising AOP is the Fenton reaction, one of the most active systems for the oxidation of organic pollutants in water due to the in situ generation of highly oxidative species, i.e., hydroxyl radicals (Costa et al. 2010; Oliveira et al. 2013) . The classical homogeneous Fenton presents some disadvantages such as sludge formation, operation at acidic pH, and no possibility to recycling the iron promoter (Brillas et al. 2009 ). The development of heterogeneous Fenton-type catalysts is of considerable interest, since it can overcome the limitations of the homogeneous system.
The magnetic properties of iron oxide nanoparticles have been studied to recover and allow their reuse as Fenton catalysts (Dhakshinamoorthy et al. 2012) . A previous work (Costa et al. 2008) showed that systems based on Fe 0 /Fe 3 O 4 composites are very highly active heterogeneous Fenton catalysts. Fe 0 has a very important role in the production of an active system through a reduction of Fe 3+ species and a regeneration of Fe 2+ active species by transferring electrons. Activated carbon can be used as a reactive support to produce highly reactive iron phases (Pereira et al. 2010; Yao et al. 2013) ; therefore, higher loads of Fe species can be supported in the high surface area carbon. The iron particles are dispersed as very small particles, enhancing the composite reactivity. The composite can be regenerated by a thermal treatment in which Fe 3+ species react with carbon to produce Fe 0 and Fe 3 O 4 , the active species (Pereira et al. 2010 
Materials and methods

Material preparation
Solutions of Fe(NO 3 ) 3 ·9H 2 O (30 mL) were prepared containing 1, 4, and 8 wt.% in iron at pH 1, adjusted with HCl. In the next step, the solutions were heated, and commercial sucrose was added slowly. The solution was evaporated to form a dark paste. The same process was also performed without iron.
The thermal treatment at different temperatures, 400, 600, and 800°C, was carried out with 7 g of each sample in N 2 (130 mL min −1 ) in a quartz tube into a horizontal furnace (Blue M, Lindberg) at a heating rate of 10°C min −1 and kept at a final temperature for 1 h. The samples prepared in this work were named as AXFeY, where X=1, 4, or 8 % of iron and Y=400, 600, or 800°C.
Material characterization
Powder X-ray diffraction (XRD) data were obtained in a Rigaku equipment model Geigerflex using Cu Kα radiation, scanning from 10 to 80°(2θ) at a scan rate of 4°min
. The transmission Mössbauer spectroscopic experiments were carried out in a CMTE spectrometer model MA250 with a 57 Co/ Rh source at room temperature using α-Fe as a reference. Hysteresis loops from magnetization measurements were obtained at room temperature in a vibrating sample magnetometer (VSM) Lake Shore 7,404 V. Thermogravimetric (TG) analyses were carried out in Shimadzu TGA-60, with a constant heating rate of 10°C min −1 under an airflow (100 mL min
). Raman spectra were obtained in Senterra Bruker equipment, with an excitation wavelength of 633 nm, a laser spot size of 20 μm with confocal imaging microscope, power of 2 mW, and 30 scans with 2 s each at ten different spots. The surface area was determined by nitrogen adsorption using the Brunauer-Emmett-Teller (BET) method with 22 cycles of N 2 adsorption/desorption in an Autosorb 1 Quantachrome instrument. Scanning electron microscopy (SEM) analysis was done using Quanta 200 ESEM FEG equipment. Transmission electron microscopy (TEM) analysis was done using Tecnai G2 20 Twin obtained from FEI.
Catalytic tests
The catalytic activity of the materials was evaluated based on two reactions: (1) H 2 O 2 decomposition to O 2 and (2) oxidation of model contaminant methylene blue (MB) with H 2 O 2 in aqueous medium.
H 2 O 2 decomposition was carried out with the addition of 2 mL of 30 % H 2 O 2 into 5 mL of distilled water and 30 mg of catalyst by measuring the formation of gaseous O 2 in a volumetric glass system. The experiments were carried out at 26°C and pH 6.
The experiments with MB were carried out with 7-mL solution (200 mg L −1 ) mixed with 30 mg of material and placed to adsorb for 10 min. After this time, 0.2 mL of H 2 O 2 (30 %) was added at pH 6.0 and the absorbance monitored over time and determined by UV-Vis spectroscopy in a spectrometer UVmini-1240 (Shimadzu) at a wavelength 570 nm.
Results and discussion
The reduced Fe-exposed particles were produced by a simple process of Fe 3+ salt solubilization in an aqueous sucrose solution followed by evaporation and controlled thermal decomposition as illustrated in Fig. 1 in sucrose were obtained and named hereon as A1Fe, A4Fe, and A8Fe, respectively. The mixtures were treated at 400, 600, and 800°C for 1 h in N 2 atmosphere. XRD analyses of the mixtures A8Fe treated at 400, 600, and 800°C are shown in Fig. 2 . It can be observed that upon the treatment at 400°C, the Fe present in the sucrose is agglomerated and reduced to form magnetite crystallites (Fe 3 O 4 , Powder Diffraction File (PDF) 1-1111) with sizes between 13 and 20 nm (estimated by the Scherrer equation). When the Fe/sucrose precursor was treated at higher temperatures, 600 and 800°C, the formation of metallic iron (PDF 1-1267) and Fe 3 C (PDF 23-1113) with 19 nm and 29 nm crystallites size, respectively, was observed.
The Fe 3 O 4 phase is likely formed by the sucrose carbonization which should lead to the reduction of Fe 3+ species (Eq. 1). The Fe 0 phase is formed by the direct reaction with carbon according to Eq. 2 followed by a combination with C to form the carbide phases (Eq. 3). This Fe and carbon chemistry has been fairly well-described in the literature (Magalhaes et al. 2009; Oliveira et al. 2011) .
At 800°C, the carbon diffraction peak at ca. 27°(PDF 26-1077) becomes more defined, suggesting the formation of a more graphitized material. The composites prepared with lower iron contents (4 and 1 wt.% in iron) presented the formation of similar phases (see Supplementary material). Figure 3 shows Mössbauer spectra obtained for the material A8Fe after the treatments at 400, 600, and 800°C. The spectra for the other samples and the hyperfine parameters are presented in the Supplementary material.
The Mössbauer spectra for the sample A8Fe400 showed the formation of 46 % Fe 3 O 4 with 35 and 19 % of Fe 3+ and Fe 2+ superparamagnetic species, respectively. These superparamagnetic Fe 3+ and Fe 2+ are likely related to a magnetite phase highly dispersed on the carbon surface. For the sample treated at 600°C, the consumption of Due to the presence of these magnetic Fe phases, VSM measurements for the samples A1Fe, A4Fe, and A8Fe treated at 800°C showed saturation magnetizations of ca. 2, 10, and 29 emu g , respectively (see Supplementary material). It can be observed that the Raman spectra for all samples showed two main resonant bands at 1,326 cm −1 (D band related to defects and amorphous carbon) and G band related to more organized graphitic carbon observed at 1,595 cm −1 (Fig. 5) . The composite 8Fe400 showed a relatively more intense G band with an I G /I D ratio of 1.27. As the temperature increases to 600 and 800°C, the D band increased in intensity and the I G /I D ratio decreased to ca. 0.8. These results suggest that at 400°C, the sucrose partially decomposes to produce the polyaromatic carbon structure. At higher temperature, the sucrose further decomposes to form more defective polyaromatic structures. TG curves obtained for the materials after the thermal treatments are shown in Fig. 6 . TG data showed for all the sample weight losses related to the carbon oxidation formed in the process. The materials A8Fe400 and A8Fe600 showed these oxidations at relatively low temperature, e.g., 250-400°C. These results suggest the presence of a more defective carbon formed during sucrose decomposition. On the other hand, the sample A8Fe800 showed two well-defined weight losses, i.e., at 350-400°C probably due to more amorphous carbon and at 400-600°C related to more organized stable carbon forms. The curves for the other materials are shown in the Supplementary material. TG estimated carbon contents SEM images (Fig. 7) for the composites treated at 800°C showed similar texture of a solid composed of agglomerated amorphous particles. On the right, backscattering images (BSE) showed bright spots related to the Fe particles in the material bulk. Simple particle size distribution suggested that the composite A4Fe800 has most of the Fe particles smaller than 100 nm whereas the composite A8Fe800 showed a significant amount of particles above 100 nm. This result suggests that the initial amount of Fe salt dissolved in the sucrose has a direct effect on the Fe particle size formed upon carbonization.
TEM images of the composites clearly showed the presence of Fe particles immersed in a carbon matrix. The dark Fe particles with dimensions of ca. 100 nm presented fringes similar to the Fe metal crystallites (Fig. 8) . Moreover, the image also suggests predominantly the formation of amorphous carbon with layers of more organized graphitic carbon specially surrounding some of the Fe particles. Fig. 3 Mössbauer spectra (at 298 K) of the material A8Fe after the treatments at 400, 600, and 800°C Fig. 4 Iron phases for the sample A8Fe obtained by the treatments at 400, 600, and 800°C . This is likely related to the complete decomposition of the organic matrix to produce a more organized carbon material.
Simple treatment of the composites with concentrated HCl showed strong Fe leaching, suggesting that between 60 and 80 % of Fe is exposed on the surface of the composites. The effect of these exposed Fe phases on the activation of H 2 O 2 was investigated initially by the decomposition reaction. The H 2 O 2 decomposition is a versatile probe reaction to investigate the activity of heterogeneous systems toward the Fenton reaction. Hydrogen peroxide decomposition produces water and oxygen, as shown by the equation:
Figure 9 presents the kinetics of the reactions of hydrogen peroxide decomposition monitored by the volume of oxygen gas released over time. It can be observed in Fig. 9 that as the Fe concentration in the composite increased, the catalytic activity observed in the decomposition of hydrogen peroxide also increased. The samples containing 1 wt.% of iron presented a relatively low catalytic activity. The best catalytic results were observed for the samples obtained at 400 and especially at 600°C, e.g., A8Fe400 and A8Fe600. Although the reason for the higher activities of the composites treated at 400 and 600°C is still not clear, it might be related to the different characteristics such as Fe composition, particle size, degree of exposure of the Fe particles, or the presence of carbon on the surface of Fe particles. A more detailed work is necessary to further investigate the reaction mechanism. On the other hand, previous literature suggests that the presence of Fe 2+ surface species is very important for the Fenton reaction. A simplified mechanism of H 2 O 2 decomposition in the presence of Fe 2+ species was proposed by Pereira et al. (2010) . In this mechanism, the Fe 2+ ions can donate an electron to H 2 O 2 molecule to produce ·OH: The ·OH radicals can then react with another H 2 O 2 molecule to produce ·OOH (Eq. 6). Posteriorly, the ·OOH radicals transfer one electron to Fe 3+ to regenerate the Fe species and to produce O 2 :
Thus, the treatments at 400 and 600°C are likely producing more Fe 2+ species that activate the H 2 O 2 molecule. The samples containing 8 wt.% of iron were selected for the Fenton oxidation of the model dye molecule MB. The experiments were carried out in two phases: adsorption of MB on the composite surface (no H 2 O 2 added) and oxidation of the MB in solution by addition of H 2 O 2 . The results are shown in Fig. 10 .
The results in Fig. 10 show that after small adsorption, the MB in the absence of H 2 O 2 , the dye in solution, is very stable. At 10 min, H 2 O 2 was added for the oxidation. In the presence of pure carbon (no Fe) obtained from sucrose treated at 800°C (A800), no significant discoloration is observed. On the other hand, in the presence of the composite A8Fe800, a discoloration of only 60 % after a 180-min reaction was produced. This sample showed only Fe 3 C and Fe 0 and some Fe 3+ which Fig. 8 TEM images of the samples A8Fe600 and A8Fe800 Fig. 9 Kinetic study of hydrogen peroxide decomposition by the produced materials cannot efficiently activate H 2 O 2 for the Fenton reaction. A significant increase in the MB oxidation is observed in the presence of the composites A8Fe400 and 600 with a discoloration of 93 % after 180 min. These results are likely related to the different Fe phases formed in the composite. Magnetite is a well-known active phase for the Fenton reaction (Costa et al. 2008) . The sample A8Fe400 has a high concentration of crystalline Fe 3 O 4 and also a magnetite present as a highly dispersed phase. These two magnetite phases should be very active for the Fenton reaction. The sample A8Fe600 also shows the presence of a highly dispersed Fe 3 O 4 phase active for the reaction. Moreover, this sample also shows Fe 0 which might contribute for the oxidation reaction (Costa et al. 2008 (Costa et al. 2008; Moura et al. 2006; Pereira et al. 2010) . The catalytic efficiency is explained by the electron transfer from Fe to Fe 3+ species formed during the Haber-Weiss mechanism (Moura et al. 2006 ). This electron transfer regenerates Fe 2+ species present in magnetite. A simple scheme for the Fenton reaction promoted by the Fe 3 O 4 crystalline and the highly dispersed Fe 3 O 4 phase is shown in Fig. 11 . The presence of Fe 2+ species in the Fe 3 O 4 crystallites or in the highly dispersed Fe 3 O 4 phase promotes the formation of highly reactive radical species that lead to oxidation of the MB.
The Fenton activity of the A8Fe400 and 600 for MB oxidation is much higher compared with hematite Fe 2 O 3 . This higher reactivity is due to the presence of surface Fe 2+ species in the composites. Also, the reactivity of the A8Fe400 and 600 samples was higher compared with pure magnetite Fe 3 O 4 in similar conditions (Moura et al. 2006) , which is likely related to the higher surface area of the Fe 3 O 4 phase in the composite.
Conclusions
Reactive nanoparticles were prepared by a combined process of the controlled dispersion of Fe 3+ ions in sucrose and thermal decomposition. Results showed that the treatment at 400°C produces essentially the Fe 3 O 4 phase as crystallites and highly amorphous phase. Upon the treatment at 600°C, Fe 3 O 4 is reduced to Fe 0 whereas at 800°C, high concentration of Fe 0 and Fe 3 C is observed. The composites A8Fe400 and A8Fe600 presented excellent results for the oxidation of MB with H 2 O 2 , probably due to the presence of a higher amount of Fe 2+ species which promote the formation of reactive radicals, leading to the oxidation of organic compounds as dyes. An important aspect of this system is the possibility to regenerate the Fenton system after deactivation. During the reaction, Fe 2+ is oxidized to Fe
3+
. Upon a simple thermal treatment at ca. 400°C, the formed Fe 3+ can be reduced back to Fe 2+ by the reaction with the carbon support as previously published (Pereira et al. 2010) . Fig. 10 Kinetics of discoloration of methylene blue catalyzed by A8Fe400, A8Fe600, and A8Fe800 
